In humans, telomeres shorten along with division of somatic cells. Shortened telomere length might result in genomic instability and has been associated with several malignancies. However, the findings in different populations remain conflicting. Therefore, we assessed the association of telomere length in peripheral blood leukocytes with risk of gastric cancer (GC) or esophageal squamous cell carcinoma (ESCC) in a Chinese Han population. A total of 574 GC cases, 740 ESCC cases and 774 age-and sex-matched healthy controls were included in this analysis. Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated by logistic regression. The GC or ESCC patients had significantly shorter relative telomere length (RTL) (median ± SD: GC: 1.20 ± 0.42; ESCC: 1.27 ± 0.48) than controls (1.41 ± 0.58). Four-fold increased GC risk (OR = 4.10, 95% CI = 2.78-6.05, P = 1.10 × 10 -12 ) or 1.56-fold increased ESCC risk (95% CI = 1.12-2.18, P = 0.009) among subjects in the shortest quartile of telomere length was found compared with the highest quartile. We also observed a cumulative effect between short RTL and smoking in intensifying risk of GC (P = 4.50 × 10 -9 ) or ESCC (P = 5.92 × 10 -33 ). Moreover, there were cumulative effects between RTL, smoking and drinking in elevating risk of GC (P trend = 0.001) or ESCC (P trend = 1.57 × 10 -32
Introduction
Gastric cancer (GC) and esophageal squamous cell carcinoma (ESCC) are two of the most common and fatal malignant tumors worldwide and occur at a high frequency in China (1) . In general, GC and ESCC patients have relatively poor prognosis unless they received complete cures, including radical surgery, chemotherapy and radiotherapy. Cigarette smoking, heavy alcohol intakes, dietary carcinogen exposure and deficiency of vitamins (vitamin C or E) or minerals (calcium, zinc or selenium) have been confirmed as the risk factors of ESCC (2) (3) (4) (5) . Helicobacter pylori (H.pylori) infection, heavy smoking as well as ethanol drinking are the main environmental risk factors of GC development (6) . Although more than 40% human beings exposed to the aforementioned environmental risk factors, only a few of individuals develop ESCC or GC in their life (2-6), indicating that genetic makeup may also play a role in pathogenesis of these esophagus and stomach malignancies.
Telomeres consist of 'TTAGGG' short repetitive nucleotide sequences and a protein complex that cap the ends of chromosomes (7) (8) (9) . Telomeres play an essential role in prohibition of aberrant recombination, chromosome ends fusion and nuclease degradation and maintenance of chromosomal integrity in patients (7) (8) (9) . With repeated cell division, telomeres progressively shorten due to the incomplete 3′ end replication of linear DNA (7) (8) (9) . As a result, telomere length decreases as human's age and telomere shortening has been associated with multiple aging-related diseases including cancers (10) .
We previously investigated whether four genome-wide association studies (GWAS)-identified genetic polymorphisms (rs621559 on 1p34.2, rs398652 on 14q21, rs6028466 on 20q11. 22 and rs654128 on 6q22.1) may impact leukocyte telomere length and, thus, ESCC risk in Chinese populations (11) . We found that both rs621559 and rs398652 single nucleotide polymorphisms (SNPs) are significantly associated with short telomere length in peripheral blood leukocytes in the Northern Chinese healthy individuals and increased ESCC risk (11) . Consistent with our observation, Xing et al. (12) reported that short overall telomere length was associated with a dose-dependent increase in esophageal cancer risk in Caucasians. Also, Yu et al. (13) found that short telomere length was significantly associated with an increased risk of ESCC (odds ratio, OR = 2.01; 95% confidence interval, 95% CI = 1.41-2.80) compared with long telomere length in a Southern Chinese population with a relative small sample size (308 patients and 309 cancer-free controls). However, it is still largely unknown if leukocyte telomere length influences genetic susceptibility of ESCC in Northern Chinese populations.
In a high-risk Polish population, shortened telomeres were found to increase GC risk (14) . After measuring telomere length of peripheral blood lymphocytes from a GC case-control study consisting of 396 cases and 378 controls, Liu et al observed that GC patients had significantly shorter average telomere length than matched controls (mean ± SD 0.89 ± 0.19 versus 1.06 ± 0.25, P < 0.001) and short telomere length was associated with a significantly increased GC risk (OR = 2.14, 95% CI = 1.52-2.93) (15) . Inconsistent with this, an obvious U-shaped association between leukocyte telomere length and GC risk was observed in 1136 GC cases and 1012 age and sex matched controls from a Southern Chinese population, with OR and 95%CI being 3.81 (2.82-5.13), 1.65 (1.21-2.26), 1.28 (0.93-1.77) or 1.78 (1.30-2.44) for individuals in the first (the shortest), second, third and fifth (the longest) quintile as compared with those in the fourth quintile as reference group (P < 0.001) (16) . Considering results from previous studies are conflicting, we designed a case-control study including 574 GC cases, 740 ESCC cases and 774 age and sex matched controls to examine the relationship between relative telomere length of leukocytes (RTL), RTL-related SNPs and risk of GC or ESCC in a Northern Chinese population.
Materials and methods

Study subjects
Two case-control sets were included in the current study. (i) GC case-control set: 574 GC patients from Shandong Cancer Hospital and Institute (Jinan, Shandong Province, China) and sex-and age-matched (±5 years) 774 controls. Patients were recruited between June 2009 and June 2014 at Shandong Cancer Hospital and Institute. Control subjects were randomly selected from a pool of 4500 individuals from a community cancer-screening program for early detection of cancer conducted in Jinan city during the same time period as the patients were collected. (ii) ESCC case-control set: 740 cases with ESCC from Shandong Cancer Hospital and Institute and sex-and age-matched (±5 years) 774 healthy controls. The diagnosis of all GC or ESCC patients was histologically confirmed. Individuals who smoked one cigarette per day for over 1 year were considered as smokers. Subjects were considered as alcohol drinkers, if they drank at least once per week. Part of these hospital-based case-control sets has been reported previously (17) (18) (19) (20) (21) . All individuals were ethnic Han Chinese. At recruitment, the informed consent was obtained from each subject. This study was approved by the institutional Review Board of Shandong Cancer Hospital and Institute.
Measurement of RTL
With a modified quantitative polymerase chain reaction (qPCR) protocol, leukocyte telomere length was measured on an ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) as described previously (16, 22) . In brief, the reference DNA (a DNA pool from 5 healthy donors) was firstly used to generate a standard curve with concentrations ranging from 0.25 to 8 ng/μl, and linearity (r 2 > 0.99) over this range of input DNAs was observed. RTL were measured by the ratio of telomere repeat copy number (T) to single copy gene copy number (S) and expressed as T/S ratio in each sample. Samples were rerun at a different concentration if their threshold cycle (Ct) numbers fell outside the range defined by the standard curves to ensure that each sample was amplified within the linear range. The telomere qPCR primers were TEL1 5′-GGTTTTTGA[GGGTGA]4GGGT-3′ and TEL2 5′-TCCCGACTAT[CCCTAT]4CCCTA-3′. The single-copy gene (36B4) qPCR primers were 36B4u 5′-CAGCAAGTGGGAAGGTGTAATCC-3′ and 36B4d 5′-CCCATTCTATCATCAACGGGTACAA-3′. Reference pooled DNA was examined in each 384-well plate to normalize between-plate variation. Each qPCR reaction contained 10 μl SYBR® Green PCR Master Mix (Applied Biosystems) with a final DNA concentration of 5 ng/μl. Each DNA sample was run in duplicate and the mean of two measurements was used in the statistical analyses. RTL was calculated according to Cawthon's formula 2 −(ΔCt1-ΔCt2) = 2 −ΔΔCt (22) .
Polymorphism genotyping
We genotyped 1p34.2 rs621559 and 14q21 rs398652 SNPs using PCR-based restriction fragment length polymorphism (RFLP). The details on genotyping have been reported previously (11) . Restriction enzymes XhoI or RsaI (New England Biolabs) was used to distinguish the rs621559 and rs398652 genotypes, respectively. A 10% random sample was reciprocally tested by different person, and the reproducibility was 99.8%.
Statistical analyses
Pearson χ 2 test was used to test differences in the distribution of individual characteristics between cases and controls, such as sex, age, smoking and drinking status. Student t test was used to test differences for continuous variables. Generalized linear models were used to calculate correlations between RTL and age. To examine the association between RTL and risk of GC or ESCC, we categorized RTL into four groups based on its quartile distribution in controls. Logistic regression was utilized to assess the OR and 95% CI for risk of GC or ESCC in each RTL quartile. Analyses were adjusted for age, sex, smoking status and alcohol drinking status, as appropriate. We then added an interaction term to the logistic regression models to test the interaction between telomere length and cigarette smoking or alcohol
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confidence interval ESCC esophageal squamous cell carcinoma GC gastric cancer OR odds ratio RTL relative telomere length SNP single nucleotide polymorphism drinking in elevating the risk of GC or ESCC. A P value of less than 0.05 was used as the criterion of statistical significance, and all statistical tests were two-sided. All analyses were performed using SPSS 16.0 (SPSS Inc.).
Results
Subject characteristics
As shown in Supplementary Table 1 , available at Carcinogenesis Online, there were no statistically significant differences between GC patients and controls or ESCC cases and controls in terms of median age and sex distribution (all P > 0.05), indicating that age and sex were adequately matched. Similar distributions of smokers or drinkers were observed between CG cases and healthy controls (P > 0.05). However, we observed that there are more subjects who smoked among ESCC cases than among controls (73.92 versus 38.11%, P < 0.001). Alcohol drinkers were also over-represented among ESCC patients compared with controls (54.05 versus 39.41%, P < 0.001). The GC cases or ESCC patients had overall shorter RTL than controls (GC versus control: median ± SD = 1.20 ± 0.42 versus 1.41 ± 0.58, P < 0.001; ESCC versus control: median ± SD = 1.27 ± 0.48 versus 1.41 ± 0.58, P < 0.001). As expected, RTL of peripheral blood leukocytes was inversely correlated with age at recruitment in controls, GC cases and ESCC patients (controls: r 2 = 0.098, P < 0.001; GC: r 2 = 0.013, P = 0.001; and ESCC: r 2 = 0.014, P = 0.002; Figure 1 ).
RTL and genetic susceptibility of GC or ESCC
When RTL was dichotomized with the median value in controls, the association between RTL and risk of GC or ESCC was calculated using the logistic regression model (Table 1) . Short telomere length was associated with significantly elevated risk of GC or ESCC with adjustment for age, sex, smoking and drinking status (GC: OR = 2.56, 95% CI = 2.00-3.29, P = 1.49 × 10 -13 ; ESCC: OR = 1.37, 95% CI = 1.09-1.73, P = 0.045). Using pooled cases including both GC and ESCC, we also observed a significantly increased OR for both malignancies associated with short RTL (1.37, 95% CI = 1.09-1.73, P = 1.73 × 10 -9 ). To further address the relationship between RTL and GC or ESCC, we categorized individuals into four groups based on quartile distribution of RTL in controls ( Table 1) . As compared with the lowest risk individuals in the fourth quartile, a significant dose-response effect was observed between elevated GC risk and decreasing telomeres of the third, second and first quartiles, with ORs (95% CIs) ranging from 2.02 (1.36-3.00, P = 4.68 × 10 ). As expected, the analyses of RTL in quartiles showed that the ESCC risk was increased among cases in the third quartile (OR = 1.26, 95% CI = 0.90-1.76), second quartile (OR = 1.57, 95% CI = 1.13-2.18) or first quartile (OR = 1.56, 95% CI = 1.12-2.18) of shorten RTL when compared with those in the forth quartile ( Table 2 ). In pooled cases with both GC and ESCC, similar results were found ( Table 2 ).
Cumulative effects of short telomere length and smoking on elevating risk of GC or ESCC
We next investigated whether there were cumulative effects between short RTL and smoking or drinking on increasing genetic susceptibility of GC or ESCC, two lifestyle factors known to be associated with risk of both cancers. As shown in Table 3 , although short RTL was associated with increased GC risk among nonsmokers compared with long RTL, smokers having short RTL had highest risk, with the OR being 2.96 (95% CI = 2.06-4.25, P = 4.50 × 10 The long and short groups were dichotomized at the median telomere length in the controls. Data were calculated by logistic regression with adjustment for age, sex and drinking status.
(i.e., 1.14 × 5.76 = 6.57). Moreover, such cumulative effects were also found using pooled GC and ESCC cases (Table 3) . These results suggest a cumulative effect between short telomere length and smoking in intensifying risk of GC or ESCC. No evident cumulative effects were observed between RTL and alcohol drinking on increasing risk of GC or ESCC, although subjects with short RTL showed consistently elevated risk of both cancers (all P ≤ 0.01) ( Table 3) .
Cumulative effects of short telomere length, smoking and drinking on susceptibility of GC or ESCC
Considering short RTL, smoking or drinking alone was hazard factor of GC or ESCC respectively, we further examined whether these genetic and lifestyle risk factors have cumulative association by counting the number of associated factors in each subject (Table 4) ) than those with no hazard factor, with P = 1.57 × 10 -32 from the trend test (Table 4) . Additionally, such cumulative effects were also identified using pooled GC and ESCC cases (P trend = 1.98 × 10 -20 ).
Association between rs621559 or rs398652 polymorphism and GC risk
Unconditional logistic regression analysis was utilized to calculate associations between RTL-related rs621559 and rs398652 SNPs and GC risk ( Table 5 ). The rs621559 GG genotype had an OR of 1.29 (95% CI = 1.04-1.60, P = 0.019) for developing GC, respectively, compared with subjects having the AA genotype. The odds of having the rs398652 AG or GG genotype in patients was 1.60 (95% CI = 1.26-2.04, P = 1.2 × 10 ) compared with the AA genotype. All ORs were adjusted for sex, age, smoking and alcohol drinking status.
Discussion
In humans, telomeres are essential in the maintenance of genomic stability. A series of studies have investigated the association between telomere length and the risk of cancers, but the conclusions are conflicting. In the current study, we examined the relationship between peripheral blood leukocyte telomere length and susceptibility of GC or ESCC through a large case-control study in a Northern Chinese population. Our data showed that short leukocyte telomere length or RTL-related SNPs was associated with an increased risk of developing GC or ESCC. Moreover, leukocyte telomere length showed cumulative effects with smoking on elevating risk of both cancers.
There are three case-control studies which have evaluated how leukocyte telomere length impacts GC risk (14) (15) (16) . After measuring leukocyte telomere length in 396 GC patients and 378 healthy controls in a Han Chinese population, Liu et al found a significant association between short RTL and increased GC risk (15) . In a Polish study with 300 GC cases and 416 controls, Hou et al. (14) found that GC risk doubled (OR = 2.04; 95% 95% CI = 1.33-3.13) among subjects in the shortest compared with the highest quartile of telomere length (P trend < 0.001). However, a U-shaped association was identified between leukocyte telomere length and GC risk in a Southern Chinese Han population (16) . That is, either short or extreme long telomeres were associated with an increased risk of GC risk (16) . In line with all three aforementioned studies, our observation supports that short telomere length in peripheral blood leukocytes was significantly associated with increased GC risk. In a case-control study including 308 ESCC patients and 309 cancer-free controls matched by age and sex in a Southern Chinese population, Yu et al reported that short telomere length was significantly associated with an increased risk of ESCC (OR = 2.01; 95% CI = 1.41-2.80) compared with long telomere length (13) . Consistent with these The long and short groups were dichotomized at the median telomere length in the controls. results, we also observed that ESCC cases had overall shorter telomeres than controls. Cigarette smoking and alcohol drinking are two major environmental risk factors of ESCC and GC. We did not observe a significant cumulative effect between short telomeres and drinking in elevating risk of GC or ESCC. However, such cumulative effects were found between short telomeres and smoking in increasing risk of both cancers. In addition, there is significant cumulative effect of leukocyte telomere length, alcohol drinking and cigarette smoking on risk of GC or ESCC. Subjects in our study who had three risk factors (short telomere length, smoking and drinking) exhibited a 6.82-fold increased risk of GC and a 16.82-fold increased risk of ESCC, though short telomere length is an independent risk factor for both malignancies. These results elucidate that short telomere length might be a good molecular marker, in combination with lifestyle risk factors, to identify high-risk individuals.
In summary, our study suggested that short leukocyte telomere length was associated with a significantly increased risk of GC or ESCC in a Chinese population. The association between short telomere length and GC or ESCC risk is especially noteworthy in individuals who smoke. Nevertheless, large, welldesigned prospective studies, are warranted to confirm our findings in diverse populations.
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